超低電力IoTデバイスに向けた集積回路設計技術に関する研究 by 浅野, 大樹
 Kobe University Repository : Thesis  
学位論文題目
Tit le 超低電力IoTデバイスに向けた集積回路設計技術に関する研究
氏名
Author 浅野, 大樹
専攻分野
Degree 博士（工学）
学位授与の日付
Date of Degree 2018-03-25
公開日
Date of Publicat ion 2019-03-01
資源タイプ
Resource Type Thesis or Dissertat ion / 学位論文
報告番号
Report  Number 甲第7182号
権利
Rights
JaLCDOI
URL http://www.lib.kobe-u.ac.jp/handle_kernel/D1007182
※当コンテンツは神戸大学の学術成果です。無断複製・不正使用等を禁じます。著作権法で認められている範囲内で、適切にご利用ください。
PDF issue: 2019-04-18
IoT
30 1

IoT (Internet of Things)
IoT IoT (IoT )
PC
IoT
IoT VLSI(Very Large Scale Integration)
( mm3) ( )
IoT
IoT
IoT
VLSI(Very Large Scale Integration)
2
IoT
(SC: Switched Capacitor) DC-DC(Direct Current
to Direct Current) SC DC-DC
( )
(RTC: Real-Time Clock)
RTC
i
ii
RTC
µs
RTC
µs
(Process) (Voltage) (Temperature) PVT
IoT
4
SC DC-DC
SC DC-DC 0.13-µm CMOS
3.0 V 1.0 V
0.8–100 µA 60%
RTC
0.18-µm CMOS
0.85 V 54.2 nW 32.7 kHz
FoM (Figure of Merit) 1.66 nW/kHz
±0.6% ±0.44%
RTC
65-nm CMOS
0.022 mm2 32.5 kHz 271 nW
±0.83% ±0.14%
iii
32.3 kHz 0.6 kHz
1.9%
PLL(Phase Locked Loop)
µs
0.18-µm CMOS
1 µs
32.6 MHz ±0.69%
±0.38%
IoT
IoT

1 1
1.1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2 DC-DC 13
2.1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
2.2 SC DC-DC . . . . . . . . . . . . . . . . . . . 13
2.3 SC DC-DC . . . . . . . . . . . . . . . . . . . . . . . . 15
2.4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
2.4.1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
2.4.2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
2.4.3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
2.5 2/5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
2.6 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
2.7 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
3 29
3.1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
3.2 RTC . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
3.3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
3.4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
3.5 PVT . . . . . . . . . . . . . . . . . . . . . . . . 33
3.6 PVT . . . . . . . . . . . . . . . . . 33
3.7 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
3.8 RTC . . . . . . . . . . . . . . . . . 36
3.8.1 . . . . . . . . . . . . . . . . . . . 41
3.9 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
3.10 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
3.11 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
4 RTC 55
4.1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
4.2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
v
vi
4.3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
4.3.1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
4.4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
4.5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66
5 71
5.1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
5.2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
5.3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
5.3.1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74
5.3.2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76
5.4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76
5.5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80
5.6 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88
6 91
93
95
11.1
IoT (Internet of Things)
[1–3] 1.1 IoT IoT
PC (Personal Computer)
(QoL: Quality of Life) IoT
1.2 1.3 IoT
( mm3) ( )
㸢
1.1: IoT
1
2 1
1.5 mm
2.
5 
m
m
0.25 mm
࢔ࣥࢸࢼ
ࢭࣥࢧ㸪ಙྕฎ⌮ࣘࢽࢵࢺ㸪
㟁※⟶⌮ࣘࢽࢵࢺ
ࣂࢵࢸࣜ
1.2:
CPU
MemoryPMIC
RTC
Sys.C
ኴ㝧ග
㟁☢Ἴ
ADC/DACSensor
27 °C
72%
ࢭࣥࢧ࢔ࣉࣜࢣ࣮ࢩࣙࣥ
㛫Ḟືసࢩࢫࢸ࣒
(3  5❶)
ࣃ࣮࣐࣡ࢿࢪ࣓ࣥࢺࢩࢫࢸ࣒
(2❶)
⇕
᣺ື
ࣂࢵࢸࣜ
⎔ቃ᝟ሗ ⏕య᝟ሗ
1.3:
1.3
[4,5] [6,7] IoT
1 mAh
[6,7] IoT
[8]
1.1. 3
1 V 0.5 V
1 µW
0.25 µW
ᾘ
㈝
㟁
ຊ
η = 1
0.5 V
0.5 µW
η = 0.75
㟁※㟁ᅽ0.5 V
η = 0.5
0.33 µW
P
Loss
P
Loss
1.4:
VLSI(Very Large Scale Integration) [9,10]
[11] 2
1.4 1.4
1 V 1 µW η = 1 0.7 0.5 0.5 V
PLoss 1.4
0.5 0.75 PLoss
1 PLoss
IoT
(SC: Switched Capacitor) DC-DC(Direct Current to Direct Current)
SC DC-DC
IoT
4 1
0
5
10
15
20
25
-5
P
o
w
e
r 
[m
W
]
Time [s]
-0.05 0.00 0.05 0.10 0.15 0.20
඘㟁 ඘㟁
Time [s]
-0.05 0.00 0.05 0.10 0.15 0.20
඘㟁
ࢫ࣮ࣜࣉ
㉳ື᫬㛫
ྠᮇ
ཷಙ
ࢭࣥࢩࣥࢢ㸪ಙྕฎ⌮
㏦ಙ
ฎ⌮
ᨺ㟁
RTCࡢᚅᶵ㟁ຊ
඘㟁 ඘㟁඘㟁
ࢫ࣮ࣜࣉ ࢫ࣮ࣜࣉ ࢫ࣮ࣜࣉ
(a) ᚑ᮶ືస (b) ┠ᶆືస
1.5: (a) (b)
( )
(RTC: Real-Time Clcok)
RTC
1.5
(1.5 (a)) (1.5 (b))
1.5
1.5 (b)
RTC
Q (Quality Factor) 100 µs
[12,13] IoT
[14–21]
(Process) (Voltage) (Temperature)
PVT PVT
[20,21]
RTC
1.2. 5
➨㻌1 ❶㻦㻌ᗎㄽ
➨㻌6 ❶㻦㻌⤖ㄽ
➨㻌2 ❶㻦㻌䝇䜲䝑䝏䝖䜻䝱䝟䝅䝍ᆺ㻰㻯㻙㻰㻯䝁䞁䝞䞊䝍
➨㻌3 ❶㻦㻌᫬㛫ィ ⏝㏵䛻ྥ䛡䛯ᘱᙇⓎ᣺ᅇ㊰
➨㻌4 ❶㻦㻌㻾㼀㻯䛻ྥ䛡䛯㠃✚฼⏝ຠ⋡䛾㧗䛔ᘱᙇⓎ᣺ᅇ㊰
➨㻌5 ❶㻦㻌ಙྕฎ⌮⏝㏵䛻ྥ䛡䛯ᘱᙇⓎ᣺ᅇ㊰
IoTࢹࣂ࢖ࢫ࡟ྥࡅࡓᾘ㈝㟁ຊࡢ๐ῶᡭἲ
࣭㟁※㟁ᅽࡢప㟁ᅽ໬
࣭㛫Ḟືసᢏ⾡
㈇Ⲵ㟁ὶࣔࢽࢱᅇ㊰࡟ࡼࡿ㈇Ⲵ㟁ὶ≉ᛶࡢᨵၿ
ᇶ‽㟁ὶ※࡜PTAT㟁ᅽ※ࢆ฼⏝ࡋࡓ᢬ᢠࣞࢫᵓᡂ
㟁ὶ࣮ࣔࢻࢥࣥࣃ࣮ࣞࢱ࡟ࡼࡿᛂ⟅㐜ᘏࡢ᭱ᑠ໬
㟁Ⲵ෌㓄ศ✚ศჾ࡟ࡼࡿ㉸ప㟁ຊ໬
㟁ὶ࣮ࣔࢻࢥࣥࣃ࣮ࣞࢱ࡟ࡼࡿప㟁ຊ࣭㧗㏿ᛂ⟅
⿵ṇᅇ㊰ࡀ୙せ࡞ᵓᡂ࡟ࡼࡿ㧗㏿㉳ືࡢᐇ⌧
ᖖ᫬㉳ືࡍࡿ㉸ప㟁ຊRTC
㟁※㟁ᅽࢆ㝆ᅽࡍࡿ㧗ຠ⋡࡞㟁※ᅇ㊰
㧗㏿㉳ືࡍࡿࢩࢫࢸ࣒ࢡࣟࢵࢡ
᢬ᢠࣞࢫ࡛ᑠ㠃✚໬
1.6:
1.2
CMOS 1.6
2
4
6 1
2 DC-DC
SC DC-DC
SC DC-DC 0.13-µm CMOS
3.0 V 1.0 V
0.8–100 µA 60%
3
0.18-µm CMOS 0.85
V 54.2 nW 32.7 kHz
FoM (Figure of Merit) 1.66 nW/kHz
±0.6% ±0.44%
4 RTC
65-nm CMOS
0.022 mm2 32.5 kHz 271 nW
±0.83% ±0.14%
32.3 kHz 0.6 kHz
1.9%
1.2. 7
5
PLL(Phase Locked Loop)
µs RTC
0.18-µm CMOS
1 µs 32.6 MHz
±0.38% ±0.69%
6

[1] D. Blaauw, D. Sylvester, P. Dutta, Y. Lee, I. Lee, S. Bang, Y. Kim, G. Kim, P. Pannuto,
Y.-S. Kuo, D. Yoon, W. Jung, Z. Foo, Y.-P. Chen, S. Oh, S. Jeong, and M. Choi, “IoT
design space challenges: Circuits and systems,” in Symp. VLSI Technol. Dig. Tech. Papers,
2014, pp. 1-2.
[2] T. Jang, G. Kim, B. Kempke, M. B. Henry, N. Chiotellis, C. Pfeiffer, D. Kim, Y. Kim, Z.
Foo, H. Kim, A. Grbic, D. Sylvester, H.-S. Kim, D. D. Wentzloff, and D. Blaauw, “Circuit
and System Designs of Ultra-Low Power Sensor Nodes With Illustration in a Miniaturized
GNSS Logger for Position Tracking: Part I Analog Circuit Techniques,” IEEE Trans.
Circuits Syst. I, vol. 64, no. 9, pp. 2237-2249, 2017.
[3] T. Jang, G. Kim, B. Kempke, M. B. Henry, N. Chiotellis, C. Pfeiffer, D. Kim, Y. Kim, Z.
Foo, H. Kim, A. Grbic, D. Sylvester, H. -S. Kim, D. D. Wentzloff, and D. Blaauw, “Circuit
and System Designs of Ultra-Low Power Sensor Nodes With Illustration in a Miniaturized
GNSS Logger for Position Tracking: Part II Data Communication Energy Harvesting
Power Management and Digital Circuits”, IEEE Trans. Circuits Syst. I, vol. 64, no.9, pp.
2250-2262, 2017.
[4] T. Ozaki, T. Hirose, H. Asano, N. Kuroki, and M. Numa, “Fully-Integrated High-
Conversion-Ratio Dual-Output Voltage Boost Converter with MPPT for Low-Voltage En-
ergy Harvesting,” IEEE J. of Solid-State Circuits, vol. 51, no. 10, pp. 2398-2407, 2016.
[5] T. Ozaki, T. Hirose, T. Nagai, K. Tsubaki, N. Kuroki, and M. Numa, “A highly efficient
switched-capacitor voltage boost converter with nano-watt MPPT controller for low-voltage
energy harvesting,” IEICE Trans. Fundam. Electron. Commun. Computer, vol. E99-A, no.
12, pp. 2491-2499, 2016.
[6] Cymbet Corporation. EnerChip Solid State Battery Overview, accessed on Jan. 18, 2018.
[Online]. Available: http://www.cymbet.com and
http://www.cymbet.com/products/enerchip-overview.php
[7] STMicroelectronics. EFL700A39 EnFilm Rechargeable Solid State Lithium Thin Film
Battery, accessed on Jan. 18, 2018. [Online]. Available: http://www.st.com and
http://www.st.com/web/en/catalog/sense power/FM142/CL848/SC1107/PF250531
9
10 1
[8] A. Bahai, “Ultra-low Energy Systems: Analog to Information,” in Proc. Eur. Solid-State
Circuits, Conf., 2016, pp. 3-6.
[9] A. P. Chandrakasan, D. C. Daly, J. Kwong, and Y. K. Ramadass, “Next generation micro-
power systems,”” in Symp. VLSI Circuits Dig. Tech. Papers, 2008, pp. 2 - 5.
[10] M. Alioto, “Ultra-low power VLSI circuit design demystified and explained: a tutorial,”
IEEE Trans. Circuits Syst. I, vol. 59, no. 1, pp. 3-27, 2012.
[11] H. Nakamura, T. Nakada, S. Miwa, “Normally-Off Computing Project : Challenges and
Opportunities,” in Proc. Asia South Pacific Design Autom. Conf., 2014, pp. 1-5.
[12] D. Griffith, J. Murdock, P. T. Røine, “A 24MHz crystal oscillator with robust fast start-up
using dithered injection,”in IEEE Int. Solid-State Circuits Conf. Dig. Tech. Papers, pp.
104-105, 2016.
[13] S. Iguchi, H. Fuketa, T. Sakurai, and M. Takamiya, “Variation-Tolerant Quick-Start-Up
CMOS Crystal Oscillator With Chirp Injection and Negative Resistance Booster,” IEEE
J. of Solid-State Circuits, vol. 51, no. 2, pp. 496-508, 2015.
[14] S. Jeong, I. Lee, D. Blaauw, and D. Sylvester, “A 5.8 nW CMOS wake-up timer for ultra-
low-power wireless applications,” IEEE J. of Solid-State Circuits, vol. 50, no. 8, pp. 1754-
1763, 2015.
[15] Y. Lee, B. Giridhar, Z. Foo, D. Sylvester, and D. Blaauw, “A sub-nW multi-stage tempera-
ture compensated timer for ultra-low-power sensor nodes,” IEEE J. of Solid-State Circuits,
vol. 48, no. 10, pp. 2511-2521, 2013.
[16] Y. S. Lin, D. Sylvester, and D. Blaauw, “A sub-pW timer using gate leakage for ultra
low-power sub-Hz monitoring systems,” in Proc. Custom Integr. Circuits Conf., 2007, pp.
397-400.
[17] Y. S. Lin, D. Sylvester, and D. Blaauw, “A 150pW program-and-hold timer for ultra-Low-
power sensor platforms,” in IEEE Int. Solid-State Circuits Conf. Dig. Tech. Papers, 2009,
pp. 326-327.
[18] T. Jang, M. Choi, S. Jeong, S. Bang, D. Sylvester, and D. Blaauw, “A 4.7nW
13.8ppm/˚ C self-biased wakeup timer using a switched-resistor scheme,” in IEEE Int.
Solid-State Circuits Conf. Dig. Tech. Papers, 2016, pp. 102-103.
[19] M. Choi, S. Bang, T.-K. Jang, D. Blaauw, and D. Sylvester, “A 99nW 70.4kHz resistive
frequency locking loop on-chip oscillator with 27.4ppm/˚ C temperature stability,” in Symp.
VLSI Circuits Dig. Tech. Papers, 2015, pp. 238-239.
[20] A. Paidimarri, D. Griffith, A. Wang, A. P. Chandrakasan, and G. Burra, “A 120nW 18.5kHz
RC oscillator with comparator offset cancellation for ±0.25% temperature stability,” in
IEEE Int. Solid-State Circuits Conf. Dig. Tech. Papers, 2013, pp. 184-185.
1.2. 11
[21] K. Tsubaki, T. Hirose, N. Kuroki, and M. Numa, “A 32.55-kHz, 472-nW, 120ppm/˚ C, fully
on-chip, variation tolerant CMOS relaxation oscillator for a real-time clock application,” in
Proc. Eur. Solid-State Circuits Conf., 2013, pp.315-318.

2 DC-DC
2.1
IoT 1
IoT
VLSI
IoT 2
SC(Switched Capacitor) DC-DC(Direct Current to Direct Current)
SC DC-DC MOSFET(Metal Oxide Semiconductor Field Effect
Transistor)
[1–10]
SC DC-DC
2.2 SC DC-DC
1/2 SC DC-DC 2.1
1/2 SC DC-DC SC
SC (SW1 - SW4) (C1,
C2) φ1, φ2 (SW1 - SW4)
φ1, φ2
φ1, φ2 2.2(a) (b) φ1, φ2
φ1 High φ2 Low SW1 SW2 SW3 SW4
2.2(a) C1 C2 VIN
C1 C2 VIN VC1 VC2 VIN
VIN/2 φ1 Low φ2 High SW1 SW2
SW3 SW4 2.2(b) C1 C2 VOUT
VOUT C1 C2 VIN/2
13
14 2 DC-DC
V
IN
V
OUT
V
SS
ɸ
1
ɸ
2
V
C1
V
C2
SW
3
SW
1
SW
2
SW
4
ɸ
2
ɸ
2
ɸ
1
ɸ
1
C
1
C
2
R
L
ไᚚᅇ㊰
2.1: 1
2
SC DC-DC
C
C
R
L
V
OUT
V
IN
φ
φ
2
φ
φ
2
I
L
V
IN
2
V
IN
2
C
C
R
L
V
OUT
V
IN
φ
φ
2
φ
φ
2
I
L
V
IN
2
V
IN
2
(a) (b)
11
11
2.2: (a) φ1 = High, φ2 = Low, (b) φ1 = Low, φ2 = High
VOUT =
1
2
VIN (2.1)
SC DC-DC
2.3. SC DC-DC 15
10-8 10-7 10-6 10-5 10-4 10-3 10-2 10-1
0
20
40
60
80
100
Load current [A]
Po
w
er
 
Ef
fic
ie
n
cy
 
[%
] [7]
[8]
[10]
[2]
[6] [4]
[3]
[5] [9]

	
2.3:
2.3 SC DC-DC
2.3 2.3 1 mA
90% DC-DC
100 µA
(2.2)
η =
POUT
PIN
=
POUT
POUT + PLOSS
(2.2)
PIN POUT SC DC-DC PLOSS
SC DC-DC SC
2.3 100 nA 100 µA IoT
SC DC-DC
16 2 DC-DC
V
IN
V
OUT
V
IN
V
OUT
R
L
I
L
V
o
lt
a
g
e
 &
 c
u
rr
e
n
t 
re
fe
re
n
c
e
S
C
 D
C
-D
C
Load current monitor
(LCM)
Control circuit
ɸ
ɸ
B
I
B
V
REF1, 2
I
COMP1
I
ADP
2.4: SC DC-DC
+
-
+
-
M
U
X
V
o
lt
a
g
e
 &
 c
u
rr
e
n
t 
re
fe
re
n
c
e
V
OUT
I
L
R
L
V
IN
V
IN
V
IN
V
OUT
V
REF1
V
REF2
φ
1
φ
1_B
TFF+LS
φ
φ
B
φ
2
φ
2_B
CTRL
COMP1
COMP2
I
COMP1
I
COMP2
Ring osc.
Start-up/fail-safe circuit
PFM control circuit
I
B
N
o
n
-o
v
e
rl
a
p
 c
lo
c
k
 g
e
n
.
2
/5
 S
C
 D
C
-D
C
+
V
OUT
I
B
LCM
I
ADP
V
COMP2
2.5: SC DC-DC
2.4
2.4 SC DC-DC
VOUT VRFE SC DC-DC
[10] [11] [12]
(LCM) 2/5 [13] [10]
IL
2.4. 17
(LCM)
2.5 SC DC-DC
[11] [12]
PFM (LCM) 2/5 [13]
2 (>3 V) [14,15]
( 1 V) [16–18] 2/5
VOUT VREF2 ICOMP1,2
IB
2/5
PFM VOUT
2/5 PFM
VOUT VREF
PFM
PFM
2.4.1
2.6 2.7 VOUT
SW1 SW2, CL,S,
CS CL CL 2
SW1 SW2 PFM (φ φB)
RSC SC
RSC =
1
fSWCL
(2.3)
fSW φ φB 2.7 ,
fSW
fSW =
IL
CFly∆VRipple
(2.4)
IL CFly VRipple
VOUT VSW1 VREF2
IADP
IADP =
VREF2
RSC
= VREF2 · fSW · CL (2.5)
(2.4) (2.5) , IADP
IADP =
VREF2
∆Vripple
· CL
CFly
· IL = α · IL (2.6)
IL IADP
18 2 DC-DC
C
S
C
L
C
S
V
IN
V
REF2
V
SS
+
-
I
B
φB
I
ADP
I
ADP
SW
1
SW
2
+
-
V
REF2
V
OUT
I
COMP2
COMP2
V
COMP2
V
SW1 φ
V
ADP
(2-stages OPAMP)
2.6: (LCM) .
Time
V
o
lt
a
g
e V
REF2
V
OUT
ΔV
Ripple
ΔV
Ripple 
=
f
SW
C
Fly
I
L
C
Fly
I
L
Slope = 
2.7: SC DC-DC
.
2.4.2
2.8
VREF2 VOUT VDD (= 1.5 V)
pMOS nMOSFET
SC DC-DC VOUT
VREF2 VOUT
VCOMP2
VOUT VREF2
V
IN
V
OUT
V
ADP
V
REF2
V
OUT
V
BP
I
ADP
I
COMP2
V
COMP2
ࣉࣜ࢔ࣥࣉ ࢹࢩࢪࣙࣥᅇ㊰ ࣂࢵࣇ࢓
2.8: .
2.5. 2/5 19
V
DD
V
SS
V
REF
PTAT㟁ὶ※ ࣂ࢖࣏࣮ࣛࢺࣛࣥࢪࢫࢱ
V
BE
PTAT㟁ᅽ※
I
REF
2.9: .
COMP2 IADP
ICOMP2 COMP2
SC DC-DC IADP+ICOMP2
2.4.3
2.9 SC DC-DC [11] [12]
VBE
PTAT(Proportional to Absolute Temperature)
VREF VREF
PFM
PTAT PFM
2.5 2/5
2.10 2/5 (C1-C4) φ1 φ2
φ1 φ2 VIN
2
5
2.11(a) (b)
φ1 φ2 High Low 2.11(a)
2.11 φ1 φ2
Low High 2.11(b) VIN
VOUT
20 2 DC-DC
V
IN
V
OUT
C
1
C
2
C
3
C
4
φ
1
φ
2
φ
2
φ
1
φ
1
φ
2
φ
2
φ
2
φ
1
φ
2 φ
1
φ
2φ1
2.10: 2/5 .
VIN = VOUT +
1
2
VOUT + VOUT (2.7)
VOUT
VOUT =
2
5
VOUT (2.8)
(2.8) VOUT VIN 2/5
V
OUT
V
IN
V
OUT
C
4
C
2
C
1
C
3
2
V
OUT
2
V
OUT
V
OUT
V
OUT
C
1
C
2
C
3
C
4
V
OUT
V
OUT
2
V
OUT
2
V
OUT
(a) ୪ิ᥋⥆᫬(  
1
 = Low,   
2
 = High)φ φ (b) ┤ิ᥋⥆᫬(  
1
 = High,   
2
 = Low)φ φ
2.11: (a) (b) .
2.6. 21
Area : 1.82 mm2
2.12: ( : 1.82 mm2).
VIN
VOUT
VREF2
VREF1
1 ms
2.13: .
VOUT
VREF2 = 0.99 V
VREF1 = 0.51 V
2.14: .
2.6
SC DC-DC 0.13-µm 1P5M CMOS
2.12 1.82 mm2 (VREF1
VREF2) IB ICOMP1,2 , 0.5, 1.0 V, 1.2 nA
1.2 nA
2.13 VIN 3 V SC DC-DC
VIN VOUT VREF2
2 ms 2.14 VIN 3 V IL 455 nA
22 2 DC-DC
Load current [A]
10-7 10-6 10-5 10-4
F
re
q
u
e
n
c
y
 [
H
z
]
106
105
104
103
2.15: fSW .
100
80
60
40
20
0
E
ff
ic
ie
n
c
y
 [
%
]
Load current [A]
10-7 10-6 10-5 10-4
This work
[10]
20
2.16: .
VOUT ∆VRipple VREF2
0.2 V VIN VREF2
3.0 1.0 V 2/5 ∆VRipple 3.0× (2/5)−1.0 = 0.2
V
2.15 fSW 1 µA fSW
2.16
SC DC-DC [10] 20 0.8 100 µA
1 V 60% 0.2 100 µA
, 50% SC
DC-DC
2.6. 23
(a) (b)
10-7 10-6 10-5 10-4
0
20
40
60
80
100
Load current [A]
Ef
fic
ie
n
cy
 
[%
]
 VIN = 2.70 V
 VIN = 2.85 V
 VIN = 3.00 V
 VIN = 3.15 V
 VIN = 3.30 V
10-7 10-6 10-5 10-4
103
104
105
106
Load current [A]
Fr
eq
u
en
cy
 
[H
z]
 VIN = 2.70 V 
 VIN = 2.85 V 
 VIN = 3.00 V 
 VIN = 3.15 V 
 VIN = 3.30 V 
2.17: (a) (b) .
(a) (b)
10-7 10-6 10-5 10-4
103
104
105
106
Load current [A]
Fr
eq
u
en
cy
 
[H
z]
 T = -20 °C
 T = 0 °C
 T = 20 °C
 T = 40 °C
 T = 60 °C
 T = 80 °C
10-7 10-6 10-5 10-4
0
20
40
60
80
100
Load current [A]
Ef
fic
ie
n
cy
 
[%
]
 T = -20 °C
 T = 0 °C
 T = 20 °C
 T = 40 °C
 T = 60 °C
 T = 80 °C
2.18: (a) (b) .
VIN VIN
2.17 (a) (b) VIN 2.7 3.3 V
fSW 2.17 (a)
VIN 50% VIN 2.7 V ,
VOUT VREF2
2.17 (b)
VIN
2.18 (a) (b) VIN 3.0 V –20 80˚ C
fSW
24 2 DC-DC
2.1: .
Reference This Work [2] [3] [4]
Technology [nm] 130 65 180 180
Area [mm2] 1.82 0.12 1.69 0.79
VIN [V] 2.7 – 3.3 1.2 3.4 – 4.3 3.6 – 4.2
VOUT [V] 1.05 0.3 – 1.1 0.9 – 1.5 0.98
Frequency [Hz] 3.6 k – 1.5 M N/A 80 k – 1.7 M 380 – 18 M
Load current IL [A] 0.8 – 100 µ 1 µ – 1 m 1 – 300 µ 0.05 – 1 m
Efficiency [%] 65 (@ 10 µA) 78 (@ 100 µA) 72 (@ 10 µA) 54 (@ 1 mA)
CFly [nF] 0.8 0.6 2.24 0.36 pF
Fully integrated Yes No Yes No
(2.6)
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0.19 mm2 RP RN 11.7 19.1 MΩ
RP RN 10.5 < RP < 12.7 MΩ 17.2 < RN <
20.8 MΩ 10%
CRAMP1 CRAMP1,Sub CRAMP2 CRAMP2,Sub
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3.26: 0.85 V ( ).
0.86 pF 10
3.25
32.6 kHz 0.27 kHz 0.83%
10 1%
3.26 0.85 V RMS
32.7 kHz 54.2 nW RMS 1 M 168.5
nsrms
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3.27 3.28 0.85 V –40 80˚ C
±0.6%
3.9
63.8 nA 3.29 0.85 1.85 V
±0.44%
3.10. 49
3.30: .
3.30 1
50ppm 1
130
[23] IoT
3.2 FoM (FoMEnergy
FoMArea)
FoMEnergy = Power/fOUT (3.17)
FoMArea = FoMEnergy ×Area (3.18)
FoMEnergy
FoMArea [11] [11]
FoMArea
RTC
50
3
3.2: .
Reference [13] [14] [11] [15] [16] [12] [17] Prop. I
Tech. [nm] 180 180 65 65 350 180 90 180
Area [mm2] 0.51 0.26 0.032 0.015∗1 0.1 0.11 0.12 0.19
VDD [V] 0.85 - 1.4 1.2 - 3.0 1.5 - 3.3 1.15 - 1.45 1 - 2.5 1.0 - 1.8 0.725 - 0.9 0.85 - 1.85
T [˚ C] –25 - 85 –40 - 80 –40 - 90 –20 - 90 –20 - 80 –40 - 100 –40 - 90 –40 - 80
fOUT [kHz] 3 70.4 18.5 33 3.3 32.6 100 32.7
Power [nW] 4.7 99.4 120 190 11∗2 472 280 54.2
µf/σf [%] NA NA NA 1.96
∗3 6.9∗3 1.39 NA 0.83∗3
∆f/(f∆T )
[ppm/˚ C]
13.8 27.4 38.5 38.2 <500 120 104 99.5
∆f/(f∆V )
[ppm/mV]
4.8 5 10 0.9 35 11 93 8.86
FoMEnergy
[nW/kHz]
1.57 1.41 6.49 5.76 3.33 14.50 2.80 1.66
FoMArea
[nW·mm2/kHz] 0.80 0.37 0.21 0.09
∗1 0.33 1.60 0.34 0.32
Ext. signal No No No IPTAT No No No No
Result Measured Measured Measured Measured Measured Measured Measured Measured
∗1: ∗2: ∗3: .
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3.11
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IoT RTC
0.18-µm CMOS
0.85 V 54.2 nW 32.7 kHz
FoM (Figure of Merit) 1.66 nW/kHz
±0.6% ±0.44% PVT ±1%
IoT RTC
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58 4 RTC
VPTAT0 PTAT (0 K) N kB
T q KDiff (= KDiff2/KDiff1)
VGS,MN2,3
VGS,MN2,3 = VTH0 + T
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ηkB
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65-nm CMOS
32-kHz CRAMP(= CRAMP1 = CRAMP2)
CC 601 994 fF 4 487 < CRAMP < 771 fF
4.4 (a) (b)
0.022 mm2
SPICE BSIM4
v4.5
4.5 1.2 V –40 80˚ C IB
IB 5.07 nA ±0.6% 4.6 1.1
1.3 V IB IB ±0.3%
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4.7 VPTAT VGND 4.7 , VPTAT VGND
VGND VPTAT
VPTAT VGND ∆VError 1.6 mV .
4.8 VINT1, VINT2, OUT, OUTB
1.2 V 32.5 kHz 271 nW
125 nW 146 nW
4.9 1.2 V –40 80˚ C
±0.35 kHz ±0.83%
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4 4.10 1.1 1.3 V
±0.14%
MIM
1000
4.11 1.2 V
32.6 kHz 3.4 kHz 10.4%
32.3 kHz 0.6 kHz 1.9%
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4.1 FoMEnergy FoMArea
(3.17) (3.18)
PVT FoMEnergy
FoMArea
IoT RTC
4.5
RTC
PTAT
1/10 0.022 mm2
65-nm CMOS
32.5 kHz 271 nW
±0.83% ±0.14%
32.3 kHz 0.6 kHz 1.9%
PVT ±1%
FoMArea
IoT RTC
4.5.
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4.1: .
Reference [10] [11] [12] [13] [14] [15] [16] Prop. I Prop. II
Tech. [nm] 180 180 65 65 350 180 90 180 65
Area [mm2] 0.51 0.26 0.032 0.015∗1 0.1 0.11 0.12 0.19 0.022
VDD [V] 0.85 - 1.4 1.2 - 3.0 1.5 - 3.3 1.15 - 1.45 1 - 2.5 1.0 - 1.8 0.725 - 0.9 0.85 - 1.85 1.1 - 1.3
T [˚ C] –25 - 85 –40 - 80 –40 - 90 –20 - 90 –20 - 80 –40 - 100 –40 - 90 –40 - 80 –40 - 80
fOUT [kHz] 3 70.4 18.5 33 3.3 32.6 100 32.7 32.5
Power [nW] 4.7 99.4 120 190 11∗2 472 280 54.2 271
µf/σf [%] NA NA NA 1.96
∗3 6.9∗3 1.39 NA 0.83∗3 1.9∗3
∆f/(f∆T )
[ppm/˚ C]
13.8 27.4 38.5 38.2 <500 120 104 99.5 138
∆f/(f∆V )
[ppm/mV]
4.8 5 10 0.9 35 11 93 8.86 13.9
FoMEnergy
[nW/kHz]
1.57 1.41 6.49 5.76 3.33 14.50 2.80 1.66 8.3
FoMArea
[nW·mm2/kHz] 0.80 0.37 0.21 0.09
∗1 0.33 1.60 0.34 0.32 0.18
Ext. signal No No No IPTAT No No No No No
Result Measured Measured Measured Measured Measured Measured Measured Measured Simulated
∗1: ∗2: ∗3: .
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5.4: , , .
5.3.1
5.3 MOSFET
(VTH) [12]
RP RN IB
IB =
VGS,MN1
RP+RN
(5.2)
5.4
Q QB High Low MNRST1 Off IB CRAMP1
VINT1 VINT1
VINT1=(IB · t)/CRAMP1 (5.3)
t VINT1 MN3
MN3 VINT1 IM1 IM1
IB IM1 IB Q QB Low
High Q QB
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(Tcycle/2) Q QB
VINT1
IB ·Tcycle/2)/CRAMP1 (5.4)
VINT1 VGS,MN3
VGS,MN3 =
IB · Tcycle
2CRAMP1
(5.5)
(5.2) (5.5) Tcycle
Tcycle = 2(RP +RN)CRAMP1
VGS,MN3
VGS,MN1
(5.6)
MN1 MN3 ( MN4)
·
TCycle CRAMP = CRAMP1 = CRAMP2
Tcycle = 2(RP +RN)CRAMP (5.7)
fOUT =
1
Tcycle
=
1
2(RP+RN)CRAMP
(5.8)
CRAMP (5.8) fOUT
RP RN
5.3 RL1 RL2 3 RTC
nMOSFET
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32-kHz
32-MHz
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(5.8) fOUT RC
fOUT RC
5.5(a) RP,Base+RN,Base
(RP[i] RN[i] (i = 0−5))
RP[i] RN[i]
RC
5.5(b) CBase
(C0−C3)
5.4
5.2.1 CMC ∆τ RL1,2 CMC
∆τ 0.18-µm CMOS
RL1,2 5.6 RL1,2
∆τ RL1, RL2
IB RL1, RL2
5.6 RL1, RL2 40.7 kΩ
∆τ
0.18-µm CMOS RC
32 MHz
RP +RN CRAMP(= CRAMP1 = CRAMP2) 20.5 kΩ 546.1
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5.6: RL1,2 CMC ∆τ .
fF 43.7 kΩ
5.7 VDD 1 ns 0 1.8 V
0.4 µs 5.8
1 µs 32.1
MHz 325.8 µW
5.9 (Eoh: Energy over head) Eoh 261.9
pJ
1,000 5.10
1.8 V 32.2
MHz 0.25 MHz 0.79%
32-MHz
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5.12: (10 ).
5.5
·
5.11 0.09 mm2 RP RN CRAMP(=
CRAMP1 = CRAMP2) 5.7 < RP < 12.7 kΩ,
7.8 < RN < 14.8 kΩ, 476.1 < CRAMP < 618.1 fF
10 5.12
1.8 V
32.5 MHz 0.20 MHz
0.62% 10
1%
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5.14: .
5.13 5.14 1.8 V
1-µs 32.6 MHz 300.6 µW
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5.17: .
5.15 1.8 V 500 kHz
5.16(a) 1.8 V –20 125 C˚
±0.38% 5.17(b) 1.6
2.0 V ±0.69%
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5.19: CTC .
5.18
±0.38–1.18% 5.19
28.9–37.5 MHz
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5.22: .
5.21 RF (Radio Frequency)
5.22
1, 10, 100 kHz 1 MHz
–41.3, –42.7, –89.4, –103.2dBc/Hz 2.4 GHz ±75
kHz [13] (31ppm = 75 kHz/ 25 GHz) 75 kHz
–175dBc/Hz 100 kHz
–89.4dBc/Hz RF
ADC (Analog to Digital Converter)
ADC
SNR (Signal to Noise Ration) ADC ADC
SNRADC ADC SNRJitter RMS
SNRJitter [14]
SNRJitter = −20 log (∆trms2pifin) [dB] (5.9)
∆trms RMS fin SNRADC SNRJitter
86 5
0.1 1 10 100
0
20
40
60
80
Frequency [MHz]
SN
R
To
ta
l [d
B]
 SNRADC = 50dB
 SNRADC = 65dB
 SNRADC = 75dB
0.45 MHz 1.35 MHz 7.50 MHz
5.23: ADC .
SNRTotal [14]
SNRTotal = −20 log
√
10
(
−SNRADC
10
)
+ 10
(
−SNRJitter
10
)
(5.10)
(5.9) (5.10) RMS ADC 5.23
SNRADC RMS ( = 66 psrms) SNRTotal
SNRADC 75, 65 50dB RMS
0.45 1.35 7.5 MHz
ADC SNRADC 50dB 7.5 MHz
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VLSI
5.5.
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5.1: .
Ref. [3] [5] [6] [7] [8] [9] [10] [11] Prop.
Type X-tal Relax. Relax. Relax. Relax. Relax. Relax. Ring Relax.
Tech. (nm) 65 180 180 180 180 180 180 350 180
Area (mm2) 0.08 0.14 0.14 0.015 0.032 0.012 0.013 0.08 0.09
VDD (V) 1.68 1.9 - 3.0 1.4 - 1.9 1.4 - 2.0 1.7 - 1.9 0.6 - 1.1 1.5 - 3.6 1.8 - 3.0 1.6 - 2.0
T (˚ C ) –40 - 90 NA –40 - 125 –40 - 125 –40 - 125 –30 - 120 –40 - 85 –20 - 100 –20 - 125
fOUT (MHz) 24 2.02 25 10.5 14 12.77 32.8 30 32.6
Start-up time (µs) 64 NA 15∗ NA NA NA 5∗ 2.5∗ 1
Power (µW) 393 12 39.6∗ 219.8 43.2 56.2 16.6 180 300.6
FoM (µW/MHz)∗∗∗ 9.74 5.94 1.58∗ 14.95 1.7 4.88 0.01 3.33 9.22
∆fV/fOUT (%) NA ±0.06 ±0.2∗ ±0.13 ±0.16 ±0.01 ±0.27∗∗ ±2.4 ±0.69∗∗
∆fT/fOUT (%) NA NA ±0.18∗ ±1.13 ±0.19∗∗ ±0.4 ±0.84∗∗ ±0.6 ±0.38∗∗
σfCLK/µfCLK NA 5.62 NA NA NA <0.8 NA 2.7 0.62
∗∗
Ext. signal X-tal No No No IBIAS No IBIAS No No
∗: , ∗∗: , ∗∗∗: FoM = Power/fOUT
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0.18-µm CMOS
1.8 V
32.6 MHz 1 µs
0.62%
ADC SNRADC 50dB
7.5 MHz
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6IoT (Internet of Things)
2 (SC: Switched Ca-
pacitor) DC-DC(Direct Current to Direct Current)
SC DC-DC 0.13-µm CMOS
3.0 V 1.0 V
0.8–100 µA 60% IoT
3
0.18-µm CMOS
0.85 V 54.2 nW 32.7 kHz
FoM (Figure of Merit) 1.66 nW/kHz
±0.6% ±0.44% IoT
RTC
4
65-nm CMOS
0.022 mm2 32.5 kHz 271 nW
±0.83% ±0.14%
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32.3 kHz 0.6 kHz
1.9% IoT RTC
5
PLL (Phase Locked Loop)
RTC
0.18-µm CMOS 1 µs
32.6 MHz
±0.38% ±0.69% IoT
IoT
IoT
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